In previous investigations, we have examined the effect of OmpA signal peptide mutations on the secretion of the two heterologous proteins TEM j-lactamase and nuclease A. During these studies, we observed that a given signal peptide mutation could affect differentially the processing of precursor OmpA-nuclease or precursor OmpA-lactamase. This observation led us to further investigate the influence of the mature region of a precursor protein on protein export. Preexisting OmpA signal peptide mutations of known secretion phenotype when directing heterologous protein export (nuclease A or ,B-lactamase) were fused to the homologous mature OmpA protein. Four signal peptide mutations that have previously been shown to prevent export of nuclease A and ,-lactamase were found to support OmpA protein export, albeit at reduced rates. This remarkable retention of export activity by severely defective precursor OmpA signal peptide mutants may be due to the ability of mature OmpA to interact with the cytoplasmic membrane. In addition, these same signal peptide mutations can affect the level of OmpA synthesis as well as its proper assembly in the outer membrane of Escherichia coli. Two signal peptide mutations dramatically stimulate the rate of precursor OmpA synthesis three-to fivefold above the level observed when a wild-type signal peptide is directing export. The complete removal of the OmpA signal peptide does not result in increased OmpA synthesis. This finding suggests that the signal peptide mutations function positively to stimulate OmpA synthesis, rather than bypass a downregulatory mechanism effected by a wild-type signal peptide. Overproduction of wild-type precursor OmpA or precursors containing signal peptide mutations which lead to relatively minor kinetic processing defects results in accumulation of an improperly assembled OmpA species (imp-OmpA). In contrast, signal peptide mutations which cause relatively severe processing defects accumulate no or only small quantities of imp-OmpA. All mutations result in equivalent levels of properly assembled OmpA. Thus, a strong correlation between imp-OmpA accumulation and cell toxicity was observed. A mutation in the mature region of OmpA which prevents the proper outer membrane assembly of OmpA was suppressed when export was directed by a severely defective signal peptide. These findings suggest that signal peptide mutations indirectly influence OmpA assembly in the outer membrane by altering both the level and rate of OmpA secretion across the cytoplasmic membrane.
The major outer membrane protein OmpA is synthesized as a precursor protein with a signal peptide 21 amino acid residues in length. The structural requirements of the OmpA signal peptide needed for optimal function in protein export have been examined in great depth (9, 16, 17) . The signal peptide may aid in the maintenance of the nascent precursor in a conformation capable of interaction with a chaperone (20) . Alternatively, the signal peptide may serve as a recognition site for the chaperone SecB (25) . It is now widely accepted that proper interaction of precursor with the membrane requires insertion of the signal peptide as a loop into the lipid bilayer (13) . Strong evidence indicates that the signal peptide assumes a conformation which is essential for proper proteolytic cleavage of the precursor (6) . It seems clear that the signal peptide must perform several of these functions.
Mutations in the OmpA signal peptide can also lead to increased levels of precursor protein synthesis (9) . Mutations in the signal peptides of other exported proteins have also been observed to influence the level of protein produc-tion (2, 10) . The cause of this effect is not known. In one case, the signal peptide mutation has been shown to cause stabilization of the secondary structure of transcribed mRNA (21) . For this mutation, the effect appears to be at the level of initiation of translation. However, many of the other signal peptide mutations which alter protein synthetic levels are not predicted to alter mRNA structure (2, 10) . These results point to a possible role for the signal peptide in translational regulation.
Following translocation to the periplasm, mature OmpA inserts into the outer membrane. The first 170 N-terminal amino acid residues are believed to form a membrane domain consisting of eight antiparallel p strands which form a C barrel (7) . The remaining C-terminal domain is periplasmic. A small region between residues 154 to 180 may serve as a sorting signal for proper localization of OmpA to the outer membrane (15) . Outer membrane OmpA interacts with lipopolysaccharide (22) , but this interaction does not appear to be required for assembly in the membrane (7) .
In brane. In this report, we document these effects and discuss their possible cause and significance.
MATERIALS AND METHODS
Bacterial strains and plasmids. Escherichia coli W620-7 (F-ompA thi-J pyrD36 gltA6 galK30 strA129 X-supE44) (26) -Al a-Al a-Pro-Lys--GCC-GCT-CCG-AAA--Ala-Gly-Ile-Gln--GCC-GIGA-ATT-C AAArrowheads indicate the signal peptide cleavage sites, and the boxed nucleotide sequence indicates the newly created EcoRI site. As a result of the mutation, the first three residues of the mature OmpA were altered from Ala-Pro-Lys to Gly-Ile-Gln; this change had no effect on the rate of OmpA production, OmpA secretion across the inner membrane, and OmpA assembly in the outer membrane. The mutation was constructed by oligonucleotide-directed mutagenesis. The DNA fragment containing the region coding for the ompA gene was then removed by PstI-HindIII double digestion and inserted into pYM007 to generate pYT200. The wild-type signal peptide contained on a DNA fragment excised by digestion with EcoRI and PstI was replaced with the corresponding fragment containing the nine kinds of mutant OmpA signal peptide genes that were previously isolated (9, 16, 17; Fig. 1 (12) , and inner and outer membranes were separated by centrifugation (135,000 x g). The samples were incubated for 30 min at 50°C or 5 min at 100°C and subjected to SDS-polyacrylamide gel electrophoresis. The periplasmic fraction was isolated as previously described (12) .
RESULTS
Construction of OmpA with mutant signal peptides. We had previously constructed, by site-directed mutagenesis, a series of mutations within the OmpA signal peptide (9, 16, 17) . In our prior work, we had studied the effect of OmpA signal peptide mutations on the processing of the heterologous proteins OmpA-nuclease and OmpA-p-lactamase. To examine the processing phenotypes of these same OmpA signal peptide mutations when they were directing secretion of homologous OmpA protein, we constructed the ompA gene carried by pYT200. This plasmid was constructed by insertion of an EcoRI site in pAM103 at the point of cleavage of precursor OmpA. This permits the ready fusion of the preexisting OmpA signal peptide mutations shown in Fig. 1 to the mature OmpA protein.
Introduction of the EcoRI site in the ompA gene altered the first three mature amino acids from Ala-Pro-Lys to Gly-Ile-Gln. This change had no effect on precursor OmpA processing. The precursor OmpA processing half-life was 27 s when the protein was encoded by pAM103 and 28 s when it was encoded by pYT200 (data not shown). Alteration of the N terminus of the mature OmpA did not affect the level of protein expression (data not shown). Like chromosomally encoded OmpA, the mature OmpA protein synthesized is localized in the outer membrane of E. coli (see Fig. 7 ) and demonstrates the phenomenon of heat modifiability (see Fig.  3 
and 5).
OmpA that is properly inserted in the outer membrane migrates on SDS-polyacrylamide gels with an apparent molecular size of 31 kDa if the sample is prepared for electrophoresis by heating at 50°C. Boiling of the sample causes the protein to migrate to a position consistent with its unfolded size (36 kDa). Presumably some conformation conferred by proper insertion in the outer membrane is retained at 50°C. Thus, the demonstration of heat modifiability is a measure of proper OmpA assembly (8) .
The mature OmpA produced in this investigation migrated in SDS-polyacrylamide gels with chromosomally coded OmpA when samples were boiled but migrated slightly faster than the chromosomally encoded protein when samples were heated at 50°C (data not shown). This slight difference may be due to the charge alteration resulting from the replacement of the lysine at position 3 of mature OmpA with glutamine.
Effects of signal peptide mutations on OmpA secretion. Effects of signal peptide mutations on OmpA secretion were assessed by measuring the processing half-lives of mutant precursor OmpA species. The processing half-life was determined in pulse-chase experiments as described in Materials and Methods 4 min following induction of OmpA expression with IPTG. No toxic effects due to OmpA overproduction were evidenced within the first 30 min after induction (see Fig. 4 Results of the pulse-chase experiments used to determine the processing half-lives of the mutant OmpA-precursors are shown in Fig. 2 . The calculated processing half-life for precursor OmpA is presented in Table 1 . For comparison, (Fig. 3) . Processing of the R14 mutant precursor at the rate indicated in Table 1 Figure 3 shows the production of OmpA after induction of gene expression. Because of the toxic effects of overexpression (discussed below), only lane 2 (30 min after induction) should be used to compare the effects of different signal peptide mutations on OmpA production and assembly. At this time point, all cultures were growing at the same rate and toxic effects (Fig. 4) are not yet evident. Quantitation by densitometry indicated that the A8 and V9 signal peptide mutations had either no or only a slight stimulatory effect on the total amount of OmpA produced compared with production directed by the wild-type signal peptide. Total OmpA production was calculated as the sum of all OmpA species (mature OmpA plus precursor OmpA plus imp-OmpA [defined below]) synthesized in the 30 min following induction. These OmpA species are designated in Fig. 3 as m, p, and imp, respectively. The L6L8, A8, and A8A9 mutations resulted in an approximately twofold increase in OmpA synthesis. The N8 and R14 mutations stimulated production by three-to fivefold. With these latter mutations, a large proportion of the produced OmpA was unprocessed precursor (Fig. 3) . The R14 mutant precursor accumulated as a cytoplasmic inclusion body (data not shown). In contrast, the basic region mutant A2E3S4 and hydrophobic deletion mutant A7A8A9 slightly decreased the level of OmpA production.
The observation that mutant signal peptides can stimulate OmpA protein synthesis suggested that a functional wildtype signal peptide somehow down-regulated OmpA production. Inactivation of the signal peptide through mutation or its complete removal would be expected to relieve this down-regulation. To test this possibility, a mutant protein that lacked the entire signal peptide (ASP) was constructed. Expression of this protein lacking a signal peptide resulted in synthesis of a cytoplasmic OmpA that formed an inclusion body at levels identical to that of the wild-type protein, which was normally exported (0.5 h in Fig. 5 and 6 ). The inability of the ASP mutant protein to assume the heatmodifiable conformation of OmpA (Fig. 5 ) indicated that this protein was not exported. In Fig. 6 , both exported OmpA (wild type) and cytoplasmic OmpA (ASP) accounted for approximately 25% of the total cellular protein. In comparison, the R14 signal peptide mutation caused threefold greater OmpA production than did the wild type after 30 min of induction. Prolonged overexpression of wild-type precursor OmpA led to an inhibition of cell growth (Fig. 4) . Comparison of protein production at the latter time points shown in Fig. 5 and 6 is therefore not valid. We concluded that the observed increase in protein synthesis caused by signal peptide mutations was not due to the release of some negative regulatory control exerted by a wild-type signal peptide.
Effects of signal peptide mutations on OmpA assembly. Although many of the signal peptide mutations affected the amount of total OmpA produced, the quantity of mature OmpA assembled in the outer membrane remained unaltered (designated m in Fig. 3, lane 2) . This mature OmpA was heat modifiable (Fig. 3) and localized exclusively to the outer membrane (Fig. 7) . Instead, several of the signal peptide mutations resulted in production of a processed but nonheat-modifiable form of OmpA (designated imp in Fig. 3) which was aberrantly folded and localized to both the inner and outer membranes (Fig. 7) This inverse correlation between processing defect and imp-OmpA production was dramatically demonstrated in the experiment depicted in Fig. 8 . We observed that introduction of an arginine residue at position 257 of mature OmpA prevented normal assembly of OmpA when export was directed by a wild-type signal peptide. Consequently, all of the produced OmpA was non-heat-modifiable imp-OmpA (Fig. 8A) . Although improperly assembled, this imp-OmpA was still localized exclusively to the outer membrane (Fig.  8B) . If export of the same R257 mutant protein was directed by the defective basic region signal peptide mutation (A2E3S4), all of the produced OmpA was heat modifiable, indicative of proper assembly in the outer membrane (Fig.  8A) . The basic region signal peptide mutation significantly increased the processing half-life of the R257 precursor protein (Table 2 ) and suppressed the assembly defect of this mutant.
Toxicity of OmpA overproduction. Cultures that produced imp-OmpA as a result of overexpression of wild-type or mutant signal peptide precursor OmpA (wild type, N8, A8, V9, L6L8, A8, A8A9, and A7A8A9; Fig. 3 ) experienced a severe inhibition of growth following induction (Fig. 4) . Cultures that produced severely processing defective mutant precursors (R14, A2E3S4, and ASP) did not accumulate FIG. 6 . Relative productivity of wild-type OmpA and of R14 and ASP mutant OmpA. The stained gels shown in Fig. 4 result of overproduction, has been previously observed and was termed immature, processed OmpA (imp-OmpA) (8) . It has been demonstrated that this protein had not been properly assembled in the outer membrane. Signal peptide mutations thait resulted in only a moderate processing defect (L6L8, A88, and A8A9) or had essentially no effect on processing (wild type, A8, and V9) ( Table 1 ) produced large quantities of imp-OmpA (Fig. 3, lanes 2 ). More severe signal peptide defects decreased the amount of imp-OmpA produced (N8 and A7A8A9) or eliminated it entirely (A2E3S4 and R14) (Fig. 3, lanes 2) . imp-OmpA (Fig. 3) and experienced no toxic effect (Fig. 4) . Accumulation of high levels of mature OmpA was not responsible for the toxic effect. Mature OmpA accounted for as much as 20% of total cellular protein when the R14 signal peptide mutant directed export (Fig. 6) . Likewise, the very high levels of precursor OmpA and cytoplasmic OmpA produced by the R14 and ASP signal peptide mutations, respectively (Fig. 6) , preclude the possibility that these OmpA species had a toxic effect. It is clear that imp-OmpA accumulation was responsible for the toxicity associated with OmpA overproduction.
Imp-OmpA degradation products. In pulse-chase experiments, we were able to observe the production of eight labeled proteins in the 19-to 35-kDa range which were immunoprecipitated by anti-OmpA antiserum (Fig. 9, lane 1;  Fig. 2, labeled d) . The intensity of radioactive label in these proteins increased with time of chase, with the 19-kDa protein predominating. Signal peptide mutations that caused production of high levels of imp-OmpA (wild type, A8, V9, L6L8, A8, and A8A9) produced these proteins within the 5-min span of a pulse-chase experiment ( Fig. 9 and 2 ). Signal peptide mutations that resulted in the synthesis of only small quantities of imp-OmpA in a 30-min experiment (N8 and A7A8A9; Fig. 3 ) produced no observable lower-molecularweight proteins in a 5-min pulse-chase experiment (Fig. 2) . Signal peptide mutations that did not result in imp-OmpA production (R14 and A2E3S4; Fig. 3 ) did not produce these smaller proteins (Fig. 2) . There was clearly a strong correlation between the production of imp-OmpA and these lower-molecular-weight proteins.
It has been demonstrated that OmpA has a periplasmic domain composed of the C-terminal sequence of residues 178 to 325 (7) . The size of this domain was similar to that of the 19-kDa protein. To determine whether this 19-kDa protein could be an OmpA degradation product derived from the C terminus of OmpA, the region encoding amino acids 263 to 325 was replaced with a short oligonucleotide containing an open reading frame of 21 codons plus a termination codon. When production of the truncated OmpA was examined, a band similar in intensity to the 19-kDa band was shifted to 16 kDa (data not shown). This result confirms that the 19-kDa protein was a degradation product derived from the C terminus of OmpA. Furthermore, this degradation product was localized in the periplasmic fraction from labeled cells (Fig. 9, lane 3) . The other seven degradation products of this truncated OmpA remained associated with the membrane fraction (Fig. 9, lane 2) . Very little immunoprecipitable material was found in the cytoplasmic fraction (data not shown). Taken together, these results strongly suggested that the degradation products were derived from imp-OmpA. DISCUSSION Class I and II mutations were designed to test the functional importance of the overall hydrophobicity and secondary structure of the OmpA signal peptide (9) . The OmpA signal peptide has an approximately equal probability of forming an a helix or P sheet. An increase in p-sheet structure would favor membrane insertion if a transition from p sheet to a helix is critical for signal peptide loop formation (1, 3) . When examined within this framework, the processing defects of class I and II mutants, when directing OmpA or nuclease A secretion, agree quite well with the predicted phenotypes. Mutations that decrease the predicted p-sheet structure and hydrophobicity (A8, A8, and A8A9) resulted in defective processing of precursor nuclease and precursor OmpA. Only a slight decline in p-sheet secondary conformation and no change in hydrophobicity were predicted for the L6L8 mutant. As expected, this signal peptide alteration did not induce any defect in OmpA processing and actually improved nuclease A maturation. The V9 mutation increased both the probability of p-sheet conformation and hydrophobicity, thereby stimulating precursor nuclease processing (9), but had no effect on precursor OmpA export. The observed phenotypes described here appear to fit well the model that the signal peptide secondary structure and hydrophobicity are essential because they are required either for direct membrane interaction or for recognition by proteins involved in the secretion pathway.
The processing defects caused by class I and II signal peptide mutations were dependent on the mature region of the precursor protein. The class I mutations (V9 and L6L8) were beneficial or had essentially no effect on the export of either OmpA or nuclease A. Class II mutations (A8, A8, and A8A9) caused relatively moderate kinetic processing defects for both of these precursor proteins. Remarkably, these same signal peptide mutations (class I and II) had absolutely no influence on the processing half-life of precursor lactamase. In effect, p-lactamase processing was independent of the structural modifications induced by class I and II signal peptide mutations.
Class III mutations vary considerably. The A2E3S4 mutation alters drastically the charge at the N terminus of the precursor from +2 to -1. Mutations in other precursor proteins (lipoprotein [24] , staphylokinase [11] , maltose-binding protein [19] , and PhoE [5] ) which change the signal peptide basic region net charge from positive to negative result in severe processing defects both in vivo and in vitro. This region of the signal peptide is widely believed to be important for precursor interaction with the acidic phospholipids of the cytoplasmic membrane (5, 13) . A synthetic mutant PhoE signal peptide with a net charge of -2 at the N terminus was found to bind normally to phospholipid vesicles but was unable to cause a lipid phase transition (14 OmpA was decidedly slower than that of the wild type (Fig.  2) . However, as a result of a three-to fivefold increase in the level of precursor synthesis, roughly equivalent quantities of this mutant precursor OmpA and wild-type precursor OmpA were exported in a 30-min period following induction of protein expression (Fig. 3) . Class III mutations (A2E3S4, N8, A7A8A9, and R14) cause a complete block in the in vivo secretion of the heterologous proteins nuclease A and P-lactamase (Table 1) , while remarkably, these same mutations are capable of supporting the export of the homologous OmpA protein (Fig. 2) , albeit at markedly reduced rates ( Table 1 ). The mature portion of the precursor-OmpA can therefore in some manner suppress these processing defects.
OmpA is an integral outer membrane protein (7). In contrast, both nuclease A and P-lactamase are soluble proteins. It is possible that the hydrophobic nature of the OmpA protein leads to the prolonged residence of precursor OmpA class III signal peptide mutations on the inner face of the cytoplasmic membrane. This would increase the probability of the fruitful insertion into the membrane of a defective signal peptide and result in translocation. In contrast, the analogous mutant precursor nuclease and P-lactamase proteins may readily dissociate from the membrane, or be degraded (16) , following delivery there. Numerous observations of an effect of signal peptide mutations on the level of secretory protein synthesis have been reported (2, 9, 10, 23, 24) . Usually the observed effect was a decrease in protein synthesis. Here we presented evidence that a variety of OmpA signal peptide mutations (L6L8, A8, A8A9, N8, and R14) increase the level of precursor protein synthesis. The OmpA R14 signal peptide mutation was the most extreme example within this group, being synthesized at three to five times the level of wild-type precursor OmpA. Overproduction of the R14 mutant protein led to accumulation in an inclusion body of very high levels (50% of total protein) of this defective precursor. The predicted mRNA secondary structure was not altered by the point mutation that generated the R14 lesion. The OmpA protein completely lacking a signal peptide (ASP) formed a cytoplasmic inclusion body following induction, but the rate of synthesis was indistinguishible from that of wild-type precursor OmpA under equivalent growth conditions ( Fig. 5  and 6 , 0.5 h). The R14 mutation therefore would appear to positively modulate protein synthesis rather than bypass some inhibitory mechanism inherent in a functional signal peptide.
The assembly of OmpA has been studied extensively by Henning and co-workers (15) . OmpA is believed to be inserted in the outer membrane by eight transmembrane ,B strands at the N-terminal domain of the protein, with the C-terminal domain exposed to the periplasm (7). Overproduction of OmpA results in the formation of a processed but immature OmpA (imp-OmpA) species that cannot assume the heat-modifiable conformation characteristic of properly assembled outer membrane OmpA (8) . These investigators find that overproduced imp-OmpA is attached to the inner face of the outer membrane. With the exception of the R257 mature region mutant (see below), we observed imp-OmpA to be distributed between inner and outer membranes (Fig.  7) .
We have demonstrated here that signal peptide mutations affected imp-OmpA production under conditions of protein overproduction (Fig. 3) . One possible cause for imp-OmpA accumulation is saturation during overexpression of an OmpA assembly site. Overproduction would then be responsible for the imp-OmpA accumulation observed when a wild-type signal peptide directed export. The further increase in imp-OmpA production observed when defective signal peptides (L6L8, A8, and A8A9) directed export would then be due to the stimulation in OmpA synthesis caused by the signal peptide mutations.
However, it should be noted that although severely defective, the R14 signal peptide mutation permitted significant amounts of mature, heat-modifiable OmpA to be assembled in the outer membrane. This amount of mature OmpA was roughly equivalent to the sum of mature OmpA and impOmpA produced when a wild-type signal peptide was directing OmpA export (compare R14 and wild type in Fig. 3, lane  2, and Fig. 6, 0.5 h) . Even at very high levels of overproduction, the R14 signal peptide lesion did not lead to the appearance of imp-OmpA (Fig. 3 and 5 ). This result indicates that suppression of the OmpA assembly defect (imp-OmpA formation) caused by certain signal peptide mutations (R14 and A2E3S4) may in some manner be a reflection of the slowed processing rate of these mutant precursors.
For unknown reasons, insertion of arginine at position 257 of the mature OmpA protein prevented assumption of the heat-modifiable conformation of OmpA indicative of proper outer membrane assembly. It should be noted that the mutant R257 OmpA was exclusively localized to the outer membrane ( Fig. 8) and not distributed between inner and outer membranes as was imp-OmpA (Fig. 7) . Arginine insertion at position 144 or 200 of the mature protein did not prevent OmpA outer membrane assembly or folding to the heat-modifiable form (data not shown). When secretion of this mature region R257 mutant OmpA was directed by the A2E3S4 mutant signal peptide, all of the synthesized protein was found to be heat modifiable (Fig. 8) . The level of R257 mutant OmpA production was essentially the same whether secretion was directed by the wild-type or basic region mutant signal peptide (Fig. 8) . Therefore, only the difference in processing rate could have accounted for this dramatic shift in OmpA assembly.
The correlation between imp-OmpA accumulation and cell toxicity (Fig. 4) argues strongly that imp-OmpA mediated this toxic response. Mutations that prevented imp-OmpA accumulation in induced cultures (R14, A2E3S4, and ASP) were nontoxic. Induction of wild-type and all other signal peptide mutant precursor OmpA proteins resulted in the production of imp-OmpA and the concurrent cessation of culture growth (Fig. 4) . Imp-OmpA appears to be degraded to a 19-kDa soluble periplasmic fragment corresponding to the OmpA C terminus. It follows that the observed membrane-bound degradation products must be derived from the N-terminal region (Fig. 9) . Improper assembly of the protein may increase the susceptibility of imp-OmpA to proteolysis. It remains to be established whether the intact imp-OmpA or one of the degradation products is the direct cause of cell toxicity. A better understanding of the mechanism of impOmpA toxicity could shed light on the normal process of OmpA assembly in the outer membrane.
